Dynamic light scattering measurements disclosed the ubiquity of large aggregate species ͑i.e., generally above 100 nm in hydrodynamic radius͒ in the precursor solutions customarily used to fabricate polymer-based light-emitting diodes ͑PLEDs͒. Transformation of these species into nanoscale thin films is expected to influentially interfere with the performance of the fabricated PLEDs. Controlling these large aggregate species was noticed to require strategies at variance with the convectional ones of controlling the more localized aggregation state. The present observations suggest that compromising the bulk and the local solution aggregation states is essential in producing tunable and high-performance PLEDs. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2988193͔ Solution processability has made semiconducting conjugated polymers an attractive molecular material for the fabrication of polymer-based light-emitting diodes ͑PLEDs͒.
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Poly͕͓2-methoxy-5-͑2Ј-ethyl hexyloxy͒-1,4-phenylene͔ vinylene͖ ͑MEH-PPV͒ is one of the most widely studied conjugated polymers due to its fair solubility in many organic solvents, among others. The tendency for MEH-PPV to form intra and interchain aggregates in solution even at large dilution has, however, become a serious concern in order to produce tunable and high-performance PLED devices. [1] [2] [3] [4] [5] [6] Proper selections of solvent and polymer concentration have, hence, been deemed vital for controlling the aggregation state, first in the precursor solution and later in solution-cast films. 3 The general finding has been that the use of a relatively "good" solvent and low polymer concentration helps reduce the degree of polymer aggregation in solution, which in turn, was typically noted to result in improved lightemitting efficiency of the fabricated PLEDs. 7 In this letter, we report results from a dynamic light scattering ͑DLS͒ study that revealed the essential finding that controlling the local degree of segmental aggregation is one thing, controlling the bulk aggregation state is another. Specifically, our DLS measurements on MEH-PPV solutions disclosed the ubiquity of large aggregate species, with an apparent hydrodynamic radius ranging from 100 nm to 20 m, for two representative solvents ͑i.e., chloroform or toluene͒ and a wide range of polymer concentrations ͑i.e., ca. 0.5-10 mg/ ml͒. Transformation of these aggregate species into a nanoscale thin film upon quick solvent evaporation is expected to influentially interfere with the performance of the fabricated PLEDs and cause substantial current leakage of the device. In addition, the present experiments suggest that the bulk aggregation state in solution may, to some extent, be controlled through proper choices of solvent and polymer concentration, yet with strategies in distinct contrast with prevailing ones for controlling the local degree and compactness of intra or interchain aggregation. In the following, we describe the essential experimental details and the central DLS observations, along with supplementary observations 15 from photoluminescence ͑PL͒ and viscometric measurements.
The MEH-PPV samples were purchased from Aldrich Chemical Co., with the number-average molecular weight ca. 70 000-100 000 Da and a polydispersity around 1.5. A representative aliphatic solvent ͑i.e., chloroform͒ and aromatic solvent ͑i.e., toluene͒ were selectively used to prepare MEH-PPV sample solutions. Sample solutions were sonicated 8 h/day for a week. Noticing, however, the sensitivity of the bulk aggregation state to the sample preparation procedure, special cautions were taken to minimize undesirable side effects, thermal annealing being the most notable one. Thus, an open water circulation system was utilized to maintain the temperature of the sonication system to within 30Ϯ 1°C. Some of the sample solutions were selectively treated with 0.45 m filter before individual measurements. A Malvern series 3000 apparatus with an incident light source of 10 mW He-Ne laser was employed to collect single-angle ͑i.e., 90°͒ light scattering intensities, later converted to the homodyne correlation function g ͑1͒ ͑t͒ through the Siegert relation. 8, 9 PL spectra of the solution specimens were obtained by the use of a Cary Eclipse spectrometer while viscosity data were collected in a Couette fixture ͑MCR 500, Paar Physica͒. Figure 1 shows the PL spectra of the investigated MEH-PPV/toluene and MEH-PPV/chloroform solutions, respectively. The results are clearly reminiscent of the impact of solvent quality and polymer concentration on local aggregation structures and the corresponding light-emitting properties. A general discussion of these features can be found elsewhere 3,10 and should not be repeated here. It is worth noting that the flow shearing ͑the shear rate is 15 000 1/s, and the shearing period is 2 h͒ has no appreciable effect on the PL, suggestive of unaltered local aggregation state. form, the solvent qualities have been identified in a recent computational simulation 11 to fall in the poor-solvent regime, and toluene behaves as a relatively poor solvent despite its superior affinity to the MEH-PPV backbone. Consequently, aggregation seems inevitable under general experimental conditions. 12 From the results shown in Fig. 2 , one sees that the bulk aggregation state is readily modified by the flow treatment, which is to be contrasted with the PL responses shown in Fig. 1 reminiscent of the local aggregation state. Specifically, it appears that flow treatment tends to slightly reduce the average size of the aggregate clusters in a relatively poor solvent, consistent with the results of viscometric measurements ͑supplementary information͒. 15 Another interesting feature is that micrometer-sized aggregate species can sometimes be detected, as manifested by the outmost DLS curve in Fig. 2 . These particularly large aggregate species seem unstable under both static and flow conditions. In most cases, they can readily be removed by a filtration treatment, as can also be seen in Fig. 2 . At a higher polymer concentration ͑i.e., c =3 mg/ ml͒, the bulk aggregation properties become inert to the flow treatment, as shown in Fig. 3 . In addition, no micrometer-sized aggregates were detected, and the mean aggregate size can well be fitted by a single-mode stretched exponent to be ca. 250 nm ͑supplementary information͒. 15 Increasing further the polymer concentration up to 10 mg/ml leads to a similar bulk aggregation feature, yet the mean aggregate size gradually increases to above micrometer.
As a relatively good solvent, chloroform was earlier noticed to result in a less degree of polymer aggregation in small angle neutron scattering experiments, 13 as also reflected in the PL responses shown in Fig. 1 . An important observation is, however, that micrometer-sized aggregate clusters can always be detected for essentially all polymer concentrations investigated ͑i.e., c = 0.5-10 mg/ ml͒, as exemplified in Fig. 4 . This essential property comes with several notable features, as summarized below. First, the bulk aggregation state remains substantially more unstable at the same polymer concentration, as can be seen by comparing the results shown in Figs. 3 and 4 . Prolonged scatterings and longer-time averaging did not alter such a feature, suggesting that the aggregate species in a relatively good solvent may undertake frequent splitting and agglomeration. Second, increasing polymer concentration somewhat stabilizes the bulk aggregation state, yet the effect is not as pronounced as for the MEH-PPV/toluene solutions. Finally, a filtration treatment, in general, helps stabilize the bulk aggregation state, as shown in the inset of Fig. 4 , by removing the majority of micrometer-sized aggregate species. It, however, becomes ineffective at a low polymer concentration, as shown in Fig.  5 , where it is evident that micrometer-sized aggregates may be formed even after the initial solvation. For both solvent systems, preliminary results from multiangular static light scattering measurements revealed a substantially smaller radius of gyration compared with the DLS hydrodynamic radius, suggesting a relatively compact aggregation structure 14 in MEH-PPV solutions. In addition, the population of large aggregate species was estimated to be around 10 −5 -10 −4 percent using the Mie theory ͑supplementary information͒. 15 In conclusion, the present DLS measurements disclosed the ubiquity of large aggregate species in MEH-PPV solutions prepared using typical solvents and polymer concentrations. The conventional strategy of using a relatively good solvent and/or a low polymer concentration to reduce the local degree of segmental aggregation was noted to be at the cost of promoting the formation of micrometer-sized unstable aggregate species. Compromising the local and the bulk aggregation states at the stage of preparing a precursor solution should, hence, pose an additional opportunity as well as challenge in producing tunable and high-performance PLED devices.
